Acetylcholine, the main enteric excitatory neuromuscular transmitter, evokes membrane depolarization and contraction of gastrointestinal smooth muscle cells by activating G protein-coupled muscarinic receptors. Although the cholinergic excitation is generally underlined by the multiplicity of ion channel effects, the primary event appears to be the opening of cation-selective channels; among them the 60 pS channel has been recently identified as the main target for the acetylcholine action in gastrointestinal myocytes. The evoked cation current, termed mI CAT , causes either an oscillatory or a more sustained membrane depolarization response, which in turn leads to increases of the open probability of voltage-gated Ca 2+ channels, thus providing Ca 2+ entry in parallel with Ca 2+ release for intracellular Ca 2+ concentration rise and contraction. In recent years there have been several significant developments in our understanding of the signaling processes underlying mI CAT generation. They have revealed important synergistic interactions between M 2 and M 3 receptor subtypes, single channel mechanisms, and the involvement of TRPC-encoded proteins as essential components of native muscarinic cation channels. This review summarizes these recent findings and in particular discusses the roles of the phospholipase C/InsP 3 /intracellular Ca 2+ release system in the mI CAT physiological regulation.
Introduction
It has long been known that in visceral smooth muscle cells acetylcholine (ACh) acts as an excitatory neurotransmitter [1] . Thus, as the primary excitatory transmitter released by enteric motor neurons, ACh plays a central role in the control of complex patterns of motility of the gastrointestinal (GI) tract [2] . The excitatory input is received by G proteincoupled muscarinic ACh receptors (mAChR) expressed in postjunctional cells-smooth muscle myocytes with the involvement of interstitial cells of Cajal [3] [4] [5] . ACh binding to mAChRs triggers a complex array of membrane and intracellular signals leading to membrane depolarization and smooth muscle contraction, respectively [5, 6] . GI muscles in various species and various regions of the digestive tract express predominantly, if not exclusively, the M 2 and M 3 subtypes of mAChRs which are present typically at a ratio between 5:1 and 4:1 [3, [7] [8] [9] . The cholinergic contractile response is usually accompanied by membrane depolarization and/or the occurrence of slow waves and accelerated action potential discharge with a concomitant increase of the membrane conductance [10] [11] [12] [13] [14] [15] [16] . The excitatory effect of mAChR stimulation is mainly attributed to the activation of cation (Na + and Ca
2+
) or chloride conductances, or sometimes to the inhibition of potassium conductance, with the secondary activation of voltage-dependent Ca 2+ channels (VDCC). Therefore, the excitatory action of ACh can be seen as an integral and important mechanism of the contractile response because it initiates Ca 2+ influx through VDCCs. This Ca 2+ entry signal can summate with the well-documented ACh-induced intracellular Ca 2+ release, and these additive Ca 2+ sources are necessary to maintain smooth muscle contraction.
Indeed, pharmacological blockade of L-type Ca 2+ channels does not prevent membrane depolarization in response to mAChR stimulation [17] but strongly reduces the contrac-tile response [18] [19] [20] [21] , indicating that this voltage-dependent Ca 2+ entry is important for the cholinergic contraction rather than membrane depolarization.
The cholinergic GI smooth muscle contraction is generally regarded as an M 3 response mediated by the main universal Ca 2+ signalling pathway G q/11 coupled to phospholipase C-β (PLC-β) activation, which in turn hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP 2 ) into 1,2-diacylsn-glycerol (DAG) and D-myo-inositol 1,4,5-trisphosphate (InsP 3 ) [22] . By rapidly releasing Ca 2+ from the sarcoplasmic reticulum InsP 3 evokes a transient intracellular Ca 2+ concentration ([Ca 2+ ] i ) increase, thus initiating the myocyte contraction. Conversely, the major M 2 subtype apparently plays a central and direct role in many ion channel effects but its role in the cholinergic contraction is less clear. Unno et al [21] recently addressed the specific roles of M 2 and M 3 receptors in agonist-evoked contraction of the guinea pig ileal longitudinal smooth muscle. Their results suggest that cholinergic contractions primarily originate from the integration of Ca 2+ entry and Ca 2+ sensitization of myofilaments. The authors thus conclude that M 3 -mediated Ca 2+ store release might contribute to the contraction indirectly through potentiation of the electrical membrane responses.
Central to this hypothesis is the notion that muscarinic cation channel activation is strongly potentiated by [Ca 2+ ] i [23, 24] . Although mI CAT in smooth muscle cells has been extensively characterized as an M 2 -mediated pertussis toxin-sensitive response primarily resulting from G o activation [25] [26] [27] [28] [29] [30] , accumulating evidence suggests that mI CAT is in fact a mixed M 2 / M 3 response [31] [32] [33] [34] [35] . Therefore, the hypothesis that an interaction between M 2 and M 3 receptors plays a crucial role in the contractile response [21] is consistent with the synergistic activation of the muscarinic cation channels by both mAChR subtypes. This review discusses mI CAT regulation with the involvement of various M 2 -, M 3 -, and Ca 2+ -dependent signaling pathways.
Muscarinic effects on ion channels in GI smooth muscles
It has long been known that the depolarizing effect of ACh and other muscarinic agonists on GI smooth muscles is mediated mostly by an increase in the Na + permeability [12] . However, the reversal potential of carbachol-evoked currents in the intestinal smooth muscle is approximately -10 mV and sensitive to changes in both [ , which indicates a non-selective increase in membrane permeability.
More recently, multiple muscarinic ion channel effects have been described in voltage-clamped cells, which include generation of inward cationic or chloride current, inhibition or potentiation of voltage-dependent Ca 2+ current, and modulation of several types of K + currents (reviewed in detail elsewhere [3, 5, 6, 36, 37] ). Consistent with the direct role of the M 2 receptor, some ion channel effects of muscarinic agonists are reduced or even abolished by pertussis toxin treatment (eg, cation channel activation, BK Ca channel inhibition), which selectively uncouples M 2 receptors from G i /G o proteins. Conversely, M 3 receptors typically modulate ion channels indirectly through G q/11 coupling to PLC-β activation and accumulation of InsP 3 [38, 39] , termed Ca
2+
-induced Ca 2+ entry [40] . This action might be further facilitated by the muscarinic inhibition of several types of K + channels, such as BK Ca , delayed rectifier and K ATP channels [37] . There are also mechanisms that provide negative feedback control by either limiting (VDCC channel inhibition, mI CAT desensitization) or terminating (BK Ca activation) cholinergic membrane depolarization.
General properties of mAChR-operated cation channels
Muscarinic effects on many different channels, which occur in parallel, raise the challenging task of understanding their relative importance, especially in the context of the interactions between M 2 and M 3 receptors. However, activation of mI CAT is undoubtedly one of the major mechanisms of GI smooth muscle excitation. Cation channels carrying mI CAT in many smooth muscles have relatively low Ca 2+ permeability [23, 41, 42] (eg, with 110 mmol/L extracellular CaCl 2 and 145 mmol/L intracellular CsCl, a P Ca /P Cs ratio of 2.8 was estimated [43] ); therefore the major pathway for Ca 2+ entry is through VDCC. However, in some smooth muscles, Ca 2+ permeability of this channel is more substantial providing an additional Ca 2+ influx [44] [45] [46] . For example, in tracheal myocytes the fraction of the cationic current carried by Ca 2+ at -60 mV under physiological ion gradients was estimated at 14% [45] , but in guinea pig gastric myocytes it amounts to only 1% [43] . The relative channel permeability to various monovalent cations was evaluated in gastric myocytes. The ratio was Rb [47] . However, the amplitude of the inward current was largest with Cs + as the main permeant cation, and smallest with Na + (ie, the rank order was Cs [47] . Nonstationary noise analysis of mI CAT induced by intracellular perfusion of GTPγS in ileal myocytes suggested a mean channel open probability (P O ) of 0.48 (at -40 mV during maximal conductance activation) and a total number of channels (n) of approximately 750 [48] . Similar values (P O =0.43 and N=830) were derived from direct single channel measurements in outside-out patches exposed to 50 µmol/L carbachol, suggesting channel density on average of one channel per 6.45 µ 2 [49] . The channels appear to be clustered as two-thirds of patches were "blank" and approximately 20% of patches had 2-7 active channels. This uneven distribution of active channels in membrane fragments might reflect not only clustering of the channels themselves, but also a tight co-localization of mAChR and associated signaling molecules.
In ileal myocytes, the agonist concentration dependence of the channel activation is characterized by a mean EC 50 value of 7.6 µmol/L [31] . The range of carbachol concentration over which cationic conductance increases in these single isolated cells is thus identical to that measured in the intact tissue [15] . Although in different cells the EC 50 values varied from approximately 1 to 30 µmol/L, their frequency distribution was normal. Thus, within the cell population there seem to be no subgroups of cells, which would differ in their sensitivity to carbachol. Notably, the depolarizing effect of muscarinic agonists saturates at a lower agonist concentration, which can be explained by a large functional reserve in this system owing to the high input resistance of GI myocytes.
Pharmacological properties of mI CAT
Selective blockers of the muscarinic cation current are lacking, although a number of other ion channel blockers can efficiently inhibit mI CAT [40, 45, 50, 51] . Their blocking action is practically voltage-independent, with little change in the reversal potential or sensitivity to the agonist. K + channel organic blockers inhibit cationic current in a voltage-dependent manner, with quinidine being the most potent (IC 50 =0.25 µmol/L), followed by quinine
, and procaine (1-5 mmol/L) [40, [52] [53] [54] . Caffeine, a Ca 2+ -releasing agent, also blocks cationic current (~10 mmol/L) [53] . Diphenylamine-2-carboxylate derivatives (DCDPC and flufenamic acid) strongly inhibit Ca
2+
-activated cationic channels and Cl -channels, and block mI CAT with IC 50 values of approximately 30 µmol/L [53] . SK&F 96365, a common blocker of receptor-stimulated Ca 2+ entry, showed a most peculiar blocking action on mI CAT , which was time-and voltage-dependent producing concomitant alteration of the steady-state current-voltage (I-V) relationship [55] . At a constant SK&F 96365 concentration the degree of the mI CAT inhibition was a sigmoidal function of the membrane voltage with a slope factor of approximately 13 mV and half-maximal inhibition at approximately 30 mV. This unique time-and voltage-dependent mode of SK&F 96365 action on the native channel might be very useful for its identification in future comparative expression studies. Extracellular spermine and putrescine also blocked mI CAT in a voltage-dependent manner with IC 50 values (at -40 mV) of approximately 1 and 5 mmol/L, respectively [56] . This inhibitory action was relieved by membrane depolarization. Intracellular polyamines also inhibited mI CAT , but its complex Nshaped activation curve did not seem to result from this effect.
Voltage dependence of mI CAT : synergy with G protein activation mI CAT that is evoked in GI myocytes either by mAChR activation or by intracellular application of GTPγS in the absence of an agonist has interesting voltage-dependent properties. Its steady-state I-V curve shows double rectification around the reversal potential, and with hyperpolarization the current first increases in keeping with an increase in the driving force, reaches a maximum at approximately -40 to -50 mV, then declines. In some cells mI CAT can even be completely lost when the membrane potential reaches approximately -100 to -120 mV. By analogy with the classical voltage-gated channels, a Boltzmann relationship was often used to describe this voltage-dependence (although its usefulness is limited to negative potentials because the activation curve is overall N-rather than S-shaped), and a two-state (one open and one closed) model was introduced as an underlying mechanism [57] . The voltage dependence was characterized by the potential of half-maximal activation of approximately -50 mV and the slope factor in the range 15-27 mV [57] [58] [59] . A receptor-operated cationic current displaying a similar U-shaped I-V relationship at negative potentials was described in many different smooth muscle tissues [38, 40, 45, 51, 52, 54, 60, 61] , suggesting that this current is ubiquitous.
During a negative voltage step the current increased instantaneously and proportionally to the increase in the driving force, but then it exponentially relaxed to a smaller steadystate level with a time constant in the order of 50-150 ms which decreased with hyperpolarization [52, 57] . After repolarization to the holding potential, monoexponentially decaying tail currents were observed.
This behavior is characteristic for voltage-gated ion channels and thus consistent with the idea that some charged groups ("voltage sensor") influence the channel P O . However, as this channel is primarily gated by mAChR and associated G protein activation (ie, depolarization by itself hardly activates it), the gating mechanisms could be undoubtedly far more complex. Indeed, it turned out that the voltage range of the channel activation was one of the primary targets of G protein activation [59] . In some cells even a completely linear I-V curve could be seen over the range of 0 to -120 mV at high agonist concentration (300 µmol/L carbachol) or following sufficiently long 200 µmol/L GTPγS infusion. With desensitization, however, the I-V relationship again acquired its usual U-shape [62] . Associated with these changes in the I-V shape, there was also a pronounced change in the rate of relaxation of the current during a voltage step. The physiological significance of this G protein modulation of the cationic channel voltage dependence is obviously in creating a system where there is cross-talk between mAChR/G protein activation, channel opening and membrane depolarization.
This interesting "interchangeability" of the effects of membrane potential and G protein activation on channel gating suggests that a strong synergy exists in this system, to an extent where it is difficult to distinguish between the primary and secondary gating stimuli. Indeed, if, instead of using the Boltzmann relation, mI CAT amplitude measured at different potentials is plotted against the agonist concentration and data is fitted by the Hill relation, this reveals the main effect of voltage on the agonist sensitivity, characterized by approximately 80% EC 50 reduction between -120 and 80 mV [63, 64] . There is also a significant reduction of the latency of the response, acceleration of the agonist on-rate and reduction of the off-rate associated with membrane depolarization. All these observations imply that some ligands produced by mAChR stimulation might interact with the channel in a voltage-dependent manner, rather than there being a classical "voltage sensor" in its structure. In connection with this, it is notable that the channel voltage range of activation is also affected by PLC-β inhibition and by [Ca 2+ ] i [65, 66] . This is relevant to the recently proposed linkage between mI CAT and TRPC4/5 channels [17, [67] [68] [69] as TRP channels are generally lacking the full complement of charged amino acids (ie, classical "voltage sensors") in the S4 segment [70] . It should be noted, however, that recent single channel studies began to reveal intrinsic voltage-dependent channel gating, which was not evident in previous whole-cell measurements. Although membrane depolarization alone could hardly induce any significant whole-cell current, in single channel measurements spontaneous background channel activity was revealed. It was characterized by long closings and only brief openings consistent with the C1-O1 gating (see below) and it was channel gating in this pair of states that showed the most prominent voltage dependence [49, 71] . Membrane depolarization strongly accelerated these spontaneous openings (the main effect of voltage is to shorten the long closed state of the channel) although they remain too brief to generate any measurable whole-cell current.
Signal transduction: synergy between M 2 and M 3 receptors
Early studies have shown that mI CAT in GI myocytes can be almost completely blocked by treating the cells with pertussis toxin [25, 27, 28, 35] which raised an immediate possibility that it was the M 2 receptor subtype that triggered mI CAT . Consistent with this, experiments with the use of antibodies against the α-subunits of a range of G-proteins pinpointed G αo involvement and excluded the role of the βγ-subunits of G-proteins [26, 29] . Subsequent pharmacological studies confirmed the primary role of M 2 receptor activation in mI CAT generation, but, quite unexpectedly, mI CAT was also found to be strongly dependent on the activation of the M 3 receptor subtype [30] [31] [32] [33] [34] [35] 72] . This was evident from the effects of M 3 -selective muscarinic antagonists, which, particularly at low concentrations, did not displace the agonist curve but produced a substantial reduction of the maximum cationic conductance [31, 32] . One well established mechanism of the possible M 3 receptor convergence on the M 2 -activated mI CAT [23, 66, [73] [74] [75] [76] . However, even when this Ca 2+ -mediated link is disabled, for example, by strongly buffering [Ca 2+ ] i , M 3 -dependent regulation of mI CAT is stillpresent [31, 32] and a significant correlation of muscarinic agonist potencies between the M 2 /mI CAT and the M 3 /PLC-β/ InsP 3 systems still exists [34] . The interaction between M 2 and M 3 receptors in producing mI CAT shows up somewhat differently in guinea pig gastric myocytes under "unclamped" [Ca 2+ ] i conditions, in which case the M 3 selective blockade does not reduce the maximal response, but instead reduces the agonist sensitivity of the M 2 -induced current [35] . ] i by itself is somewhat insufficient to induce mI CAT , but when the channel is primed by an activated G protein its opening is greatly potentiated by a rise in [Ca 2+ ] i [23, 24, 30, 38, 40, 44, 60, 73, 74, 76] . However, when [Ca 2+ ] i is abnormally low (eg, at a high EGTA or BAPTA concentration inside the cell) no or very little channel activation is possible even at maximal mAChR stimulation [24, 44, 61, 74] . Thus, it follows that intracellular Ca 2+ has both a permissive and a facilitating effect on channel gating.
Intracellular
With low [Ca 2+ ] i buffering, mAChR stimulation or direct G protein activation by intracellular GTPγS produces [Ca 2+ ] i oscillations, which result from periodic release of Ca 2+ from the intracellular stores. These cause temporally closely related oscillations of the cationic current [23, 27, 74] ; the frequency of these oscillations is strongly modulated by Ca 2+ influx [77] . Interestingly, [Ca 2+ ] i rise results in a considerable negative shift of the activation curve by approximately 30 mV [64] , that is, linearization of the I-V relationship occurs similarly to that caused by increasing receptor stimulation. Both [Ca 2+ ] i and mI CAT oscillations are similarly sensitive to Ca 2+ store depletion produced by InsP 3 , thapsigargin or cyclopiazonic acid, as well as to the InsP 3 receptor blocker heparin [23, 30, 74, 77, 78] . The relationship between [Ca 2+ ] i and mI CAT amplitude was quantified by buffering [Ca 2+ ] i at different levels using either EGTA/Ca 2+ or BAPTA/Ca 2+ mixtures or, in the same cell, by varying the amount of Ca 2+ entering the cell through VDCC [24, 64, 65] . These experiments revealed a calcium EC 50 value of approximately 200-400 nmol/L. However, prolonged [Ca 2+ ] i elevation (eg, [Ca 2+ ] i buffering at 500 nmol/L) caused strong mI CAT desensitization even if the current was induced by GTPγS without receptor stimulation [64, 79] , an effect presumably related to PKC activation [80] . ] i on the unitary conductance was observed [81] . Interestingly, mI CAT was found to be most responsive to rapid changes in [Ca 2+ ] i caused by abrupt flash photolysis release of InsP 3 , but was rather insensitive to [Ca 2+ ] i elevation produced in small steps by NP-EGTA photorelease [76] . Moreover, a striking difference was found between the effects of flash-released InsP 3 and caffeine applications, as Ca 2+ release through ryanodine receptors (RyR) failed to potentiate mI CAT . This can be attributed, at least in part, to the differential distribution of InsP 3 and RyRs within a smooth muscle myocyte, as type I InsP 3 receptors were predominantly localized in a close juxtaposition to the plasma membrane but RyRs were mostly found in the central region of the cell [76] . Even more intriguingly, Ca 2+ sparks induced STOCs but failed to potentiate mI CAT . This dependence of mI CAT on a global rather than local [Ca 2+ ] i rise is similar to differential activation of STOCs and I Cl(Ca) by Ca 2+ sparks and waves, respectively, in rat portal vein myocytes [82] . Thus, one possibility is that the spatiotemporal pattern of the calcium signal is an important determinant of the [Ca 2+ ] idependent modulation of mI CAT . However, the recently proposed link between mI CAT and TRPC4/5 proteins [67] [68] [69] raises other intriguing possibilities and questions. In different studies, TRPC4 and TRPC5 have been shown to form either store-or receptor-operated cation channels that can be activated with or without the involvement of InsP 3 [83, 84] . Overall, many properties of mI CAT are highly similar to receptor-operated cation channels formed by TRPC4 and TRPC5, which includes the complex effects of intracellular Ca 2+ (ie, permissive, potentiating and desensitizing action) [85] . Further similarities of mI CAT and TRPC4/5 activation include regulation through the PLC pathway. Several recent studies revealed the importance of PLC in mI CAT activation [66, 68, 86] . In murine gastric myocytes the current was inhibited by the anti-G q/11 antibody, the PLC blocker U-73122 and the IICR inhibitor 2-APB, but was insensitive to the anti-G o antibody [68] . By contrast, in guinea pig ileal myocytes PLC inhibition abolished mI CAT without the involvement of DAG, InsP 3 or Ca 2+ store depletion [66, 86] . Strikingly, the anti-G q/11 antibody was ineffective in ileal myocytes [29, 86] , raising questions about the PLC isoforms involved in mI CAT activation in these cells. One possibility is that M 2 receptors can also couple to PLC activation through βγ dimers released from G i/o proteins [87, 88] and this link can obscure the effects of the anti-G q/11 antibody. However, such a role of βγ-subunits would be inconsistent with the lack of the effects of the Gβ-antibody as well as βγ dimer infusion in the same cells [29] . Even more importantly, recent studies have shown that mI CAT is lacking in cells isolated from M 2 or M 3 knockout mouse [89] , but if the M 2 /PLC linkage were sufficient to support its activation the current would be present in the M 3 subtype knockout mouse. Tyrosine kinase-dependent pathways also play a role in mI CAT regulation [90] , therefore the role of receptor tyrosine kinases that couple to PLC-γ deserves further investigation. Finally, there is a possibility that some soluble PLC isoforms are involved in mI CAT activation, which are not inhibited by G protein antibodies [91] . The role of DAG as a possible intermediary between PLC activation and mI CAT was also addressed in these studies, however both in gastric and ileal myocytes OAG, an analogue of DAG, failed to induce any significant current. Thus, the signalling events downstream of PLC activation remain unknown. It is also unclear how the PLC pathway activates TRPC4/5 channels; one possibility that needs to be explored is that the channels are activated by the depletion of the PLC substrate, like PIP 2 , rather than by the PLC products. However, PLC generates other potential signalling molecules, such as poly-unsaturated fatty acids (PUFAs), and the role of the numerous lipid messengers in mI CAT [76] . These kinetics data thus suggest that channel Ca 2+ "priming", or permissive effect, might be indirect, but once established the channel might be regulated by Ca 2+ in a more direct manner. Possible intermediates include calmodulin and myosin light chain kinase [61, 92] . It should be also noted that the cAMP/PKA pathway is not involved in mI CAT regulation [66] .
Channel gating mechanism: cyclical transitions between 4 connected open and closed states
Summarizing the signal transduction pathways, the muscarinic cation channel is a voltage-and Ca
2+
-sensitive channel gated by Gα-GTP in a PLC-dependent manner, as shown in Figure 1 . Various ligands could produce kinetically distinct channel conformations, therefore it was reasonable to expect a similarly complex channel gating mechanism. Single channel activity was studied in membrane patches isolated from guinea pig and murine ileal and gastric myocytes. Cation channels with voltage-dependent properties consistent with the whole-cell current behavior had unitary conductances of 35 pS (guinea pig gastric myocytes [47] ), 57 pS (guinea pig ileal myocytes [49] ) and 70 pS (murine ileal myocytes [81] ). These differences to some extent are related to different ion conditions, for example, for recordings in guinea pig gastric myocytes 2 mmol/L external Ca 2+ was used, and in murine ileal myocytes an addition of 2.5 mmol/L Ca 2+ to the external solution was shown to reduce unitary conductance from 70 to 46 pS.
In guinea pig ileal myocytes, the 57 pS channel has at least 8 kinetically distinct states, 4 open and 4 closed. Analysis of adjacent dwell times revealed strong correlations, which suggested connections between them, as shown in Figure 2 . These are features present in many other ligandgated ion channels, such as nAChR or BK Ca channels. One unusual property of the mAChR-gated channel is the presence of prominent regular cycles of P O that occurred due to a variable number of long openings between consecutive long shuttings, or, in other words, due to periodical shifts of gating between the two main modes, the low-P O mode in the C1-O1 states (long closings and brief openings) and the high-P O mode in the C4-O4 states (conversely, long openings and brief closings).
Presently the origin of the channel voltage dependence in this channel mechanism is clear but the nature of ligands stabilizing various open states needs further exploration. Thus, membrane potential affects vertical transitions but does not cause any net horizontal redistribution between the states. Interestingly, as the channel activity progresses from low-to high-P O mode (ie, gating shifts from left to right in Figure 2 ) channel gating becomes less voltage-dependent. Thus, the C1 dwell time shows the strongest voltage dependence, but the C4 mean dwell time remains unaltered at potentials between -120 and -10 mV.
Considering how channel ligands could produce these various kinetically distinct channel conformations, it is important to note that channel P O according to this scheme increases in 3 stages, and that the O1 and O2 states could hardly generate any significant integral current as their joint contribution to the overall P O is only 3%. Thus, any signals that can induce only these 2 open states would produce a tiny whole-cell current; nevertheless, such signals might be crucially important for further progression of the channel activation towards the C3-O3 and C4-O4 gating. The O3 and O4 states were estimated to generate, respectively, 24% and 73% of the whole-cell current at maximal receptor activation.
Because channel gating similar to the C1-O1 gating is seen in the absence of mAChR activation it seems to be an intrinsic voltage-dependent channel property. Based on the Many activation pathways (+) act in synergy but the precise nature of their interaction remains unclear, particularly regarding the possibility of direct G αo -GTP and Ca 2+ binding to the channel, the enigmatic M 3 or M 2 link to the PLC activation bypassing the G q/11 protein, and the events downstream of PLC activation. Ca 2+ -dependent activation of PKC appears to be the main mechanism of mI CAT desensitization (-). However, several pathways do not seem to play a role in mI CAT regulation (x); these include DAG, βγ-dimers of G proteins, Ca 2+ store depletion (eg, SERCA inhibition), Ca 2+ release through RyRs, direct action of InsP 3 and adenylyl cyclase (AC) inhibition.
above considerations, one can also suggest that any permissive effects (eg, [Ca 2+ ] i , the PLC/InsP 3 system) are fulfilled through the occurrence of the intermediate states, such as O2, whereas full channel activation in the longer O3 and O4 open states requires cooperative interactions of all channel ligands, including Gα-GTP. This hypothesis can mechanistically account for many permissive and major synergistic links in mI CAT activation, which were discussed in this review, and might offer a useful model for future experimental tests.
Conclusion
The past decade has led to significant progress in our understanding of the roles of M 2 and M 3 receptors in GI smooth muscle excitation through the detailed studies of mI CAT , a primary depolarizing current. Many important synergies have been revealed, including cross-talk between receptor subtypes, Ca 2+ and InsP 3 , and the crucial roles of both G o and PLC-β activation. However, exactly how G o protein is involved in mI CAT generation and the activator in the PLC pathway remain unknown. PLCs are complexly regulated by various receptors, and it appears that they are one of the most important merging points in the pathways linking M 2 and M 3 receptors to cation channels. Synergistic mechanisms also exist in receptor-mediated PLC activation, thus more research is needed on the PLC-dependent modulation of mI CAT . The mouse model of mI CAT has been recently validated [93] , and it shows all the essential features of the complex regulation of mI CAT discussed in this review. Thus, future significant progress can be expected through the studies of mI CAT in genetically modified mice lacking certain receptors or other putative elements of the complexly intervened signal transduction pathways. The sequence of ligand interactions with the channel also remains unknown, but if established it will provide the most conclusive evidence for the specific roles of M 2 and M 3 receptors in smooth muscle excitation. The recently proposed TRPC4/5 connection raises further challenging questions, for example, the reasons why heterologously expressed TRPC4/5 channels can be activated by G q/11 -coupled receptors alone, but the native channel requires simultaneous activation of M 2 receptor and G o .
